Abstract: In this study, catalysts for fatty acid methyl esters (FAME or biodiesel) synthesis with K 2 CO 3 as the active component on an alumina/silica support were synthesized using the sol-gel method, which was followed by drying the "dense" wet gels with supercritical carbon dioxide to obtain the aerogels. The prepared catalysts were characterized by XRD analysis, FTIR spectroscopy and N 2 physisorption at 77 K, and tested in the methanolysis of sunflower oil. The effects of reaction variables, such as reaction time, temperature and methanol to oil molar ratio, on the yield of FAME were investigated. The aerogel catalysts with K 2 CO 3 as the active component on an alumina/silica support exhibited good activity in the methanolysis of sunflower oil. The leaching of potassium when the catalyst was in contact with pure methanol under the working conditions of methanolysis was also tested in this study, indicating that it occurred only at higher temperatures, while at lower ones, it was negligible.
INTRODUCTION
Biodiesel, consisting of FAME, produced by the alcoholysis of vegetable oils or animal fats, is an excellent substitute for conventional diesel fuels. It is non-toxic, biodegradable and made from renewable sources. Increasing biodiesel consumption requires optimized production processes allowing high production capacities, simplified operations, high yields, and the absence of special chemical requirements and wastes. The development of solid catalysts has recently gained much attention because a successful heterogeneous catalyst alleviate most of the economic and environmental drawbacks of a homogeneous process, such as neu-790 LUKIĆ et al. tralization of alkali catalysts after reaction and creation of large amount of wastewater produced during washing and separation of the final products.
To date, only one industrial application, developed by the French Institute of Petroleum (IFP), employs heterogeneous based catalysts for the methanolysis of vegetable oils to produce biodiesel. 1 The IFP has announced the construction of further similar industrial plants in Europe based on the use of a heterogeneous catalyst consisting of a mixed oxide of zinc and aluminum with a spinel structure.
On the laboratory scale, many different heterogeneous catalysts have been developed to catalyze the alcoholysis of vegetable oils. Alumina loaded with alkali metal salts or different potassium compounds were demonstrated to be efficient solid-base catalysts. 2 Alumina exhibited no activity, but when loaded with KI, KF, KNO 3 , K 2 CO 3 or KOH and activated at high temperatures, the supported catalyst showed catalytic activities. [3] [4] [5] [6] [7] [8] [9] A good activity of K 2 CO 3 /Al 2 O 3 xerogel catalyst was previously reported, but undesired leaching of the active components was also observed. 9 Xie and Li 7 reported lower activity of K 2 CO 3 /Al 2 O 3 due to its lower basicity compared to other potassium compounds on alumina. Namely, a catalyst with 35 wt. % KI loading on Al 2 O 3 (calcined at 500 °C for 3 h) had the highest basicity and the best catalytic activity. Other catalysts that showed efficiency as heterogeneous catalysts for the alcoholysis of vegetable oil are commercial hydrotalcite, 10 zeolites and modified zeolites 11, 12 and Na/ /NaOH/γ-Al 2 O 3 13 but they are either quite expensive or complicated to prepare, which has limited their industrial application. At temperature above 250 °C, a high conversion of soybean oil (90 %) was obtained after 20 hours of reaction using WO 3 /ZrO 2 , TiO 2 /ZrO 2 or Al 2 O 3 /ZrO 2 as catalysts. 14, 15 The catalytic ability of CaO and MgO was found to be quite weak at lower temperatures, but increasing the reaction temperature had a favorable influence on the methyl ester yield. [16] [17] [18] [19] [20] [21] Veljković et al. 22 determined 550 °C to be the optimal CaO calcination temperature and studied the kinetics of CaO catalyzed methanolysis. In order to improve the catalytic activity of CaO, it was promoted with Li salts 23, 24 or lanthanum, 25 which both increased the basic strength and led to an enhancement of the catalyst activity.
Different techniques have been used for the preparation of catalysts. Sol-gel chemistry was usually applied having many advantages over other methods of catalyst synthesis. It allows control of homogeneity on the nanoscale and results in high surface areas and pore volumes. After dissolution of the reactants in an appropriate solvent and subsequent gelation of the sol, the formed wet gel can be dried using different methods. An available drying method is the extraction of the solvent using the supercritical drying process (SCD), which was performed in this study. Namely, supercritical drying preserves the original gel structure by eliminating capillary pressure while, at the same time, the solvent and sol-gel reaction byproducts present in the gel pores are extracted at a temperature and pres-BIODIESEL SYNTHESIS USING K 2 CO 3 /Al-O-Si AEROGELS 791 sure higher than the critical temperature and pressure of the solvent, thereby producing a material known as an aerogel. 26 Supercritical drying can also be realized using another supercritical extracting fluid with moderate values of the critical parameters (commonly carbon dioxide). Due to their unique morphological and physicochemical properties, aerogels are being widely studied for potential applications in heterogeneous catalysis. 27 In this study, a new type of heterogeneous catalyst with K 2 CO 3 as the active component on an alumina/silica support was synthesized using the sol-gel method, which was followed by drying the wet gel with supercritical carbon dioxide. The characteristics of the obtained aerogels and their activity in the methanolysis reaction were studied. The activity of the prepared aerogel catalysts was tested in the methanolysis of sunflower oil and the efficiency of process at different temperatures (80-200 °C) and molar ratios of methanol to oil (6:1-30:1) was also analyzed. Eventual leaching of K 2 CO 3 from the catalyst would reduce the activity of the catalyst and decrease its activity in the second repeated process of methanolysis. For this reason, the leaching of potassium on contact of the catalyst with pure methanol under working conditions of methanolysis was also tested in this study.
EXPERIMENTAL

Catalyst preparation
The catalysts were synthesized by a one-step sol-gel procedure. Aluminum tri-sec-butoxide, tetraethoxy orthosilane (TEOS), 1-butanol, anhydrous potassium carbonate (all Fluka) were used as reagents. Aluminum tri-sec-butoxide (29.1 g, 0.120 mol) was mixed with 1-butanol (200 cm 3 ) and then TEOS (8.32 g, 0.0400 mol) was added. The mixture was stirred vigorously and heated to 70 °C for 5 min until a clear solution was obtained. The solution was cooled to room temperature and then hydrolyzed with water (37.5 cm 3 , 2.08 mol) containing dissolved potassium carbonate (2.86 g; 0.0210 mol). The solution was stirred for 15 min and left to stand overnight (gelation). Water and a certain amount of 1-butanol (excess) were then removed by heating the gel to 150 °C, and a "densed" wet gel was obtained. The above procedure describes the wet gel synthesis of samples with ratio Al/Si = 3/1 and an amount of K 2 CO 3 which was calculated to be 45 wt. % based on the support. Aerogels were obtained by drying the "dense" wet gels with supercritical carbon dioxide in a previously described 300 cm 3 tubular extractor, Autoclave Engineers SCE Screening System. 28 During the supercritical drying, the extractor was filled with liquid CO 2 at the beginning of drying process, then the pressure was increased above the critical value for CO 2 and finally the temperature was raised to the desired value. After reaching the working conditions of pressure and temperature, the flow of CO 2 was maintained and kept constant at about 100 g CO 2 /h. This procedure was necessary to avoid the presence of two CO 2 phases of in the extractor. The duration of the SCD depended on the employed drying conditions. The parameters of sol-gel synthesis and gel drying are presented in Table I , together with the experimental conditions used for calcination of the prepared catalysts (four samples defined as AG1-AG4). 
Catalyst characterization
The XRD measurements were performed on a Philips PW1710 powder X-ray diffractometer using Cu Kα radiation, over the 2θ range 4-90 ° in the scan mode (step size 0.02°, counting 0.5 s per step).
The nitrogen adsorption-desorption isotherms were determined using a Sorptomatic 1990 Thermo Electron instrument at -196 °C. All samples were degassed at 120 °C for 12 h under reduced pressure (< 1 torr) prior to the sorption measurements. Various models and appropriate software -ADP, Thermo Electron, version 5.1, were used to analyze the obtained isotherms. The specific surface area of samples (S BET ) was calculated according to the Brunauer, Emmett, Teller (BET) method from the linear part of the nitrogen adsorption isotherms. 29 The total pore volume (V tot ) was taken at p/p 0 = 0.998. The mesopores volume and pore size distribution was calculated according to the Barrett, Joyner and Halenda method from the desorption branch of the isotherm. 30 The micropores were analyzed using the Dubinin-Radushkevich method. 31 The Fourier-transform infrared (FTIR) spectra were recorded in the transmission mode using a BOMEM (Hartmann & Braun) spectrometer. All measurements were conducted at room temperature in the wave number range 400-4000 cm -1 , with a 2 cm -1 resolution.
Methanolysis reaction
Synthesized catalysts were tested in the methanolysis of sunflower oil. Commercial edible sunflower oil (Sunce, Sombor, Serbia) was used for the experimental studies. The experiments were performed in a 300 cm 3 batch autoclave (Autoclave Engineers, Country), equipped with an electrical heater and a mixer. Prior to the reaction, the catalyst samples (fraction <500 μm) were activated by heating in an oven at 120 °C for 2 h. The preliminary tests of the activity of the prepared aerogel catalysts (AG1-AG4; 2 wt. % catalyst based on the oil) were realized at 200 °C and 37 bar using an agitation speed of 400 rpm and a molar ratio of sunflower oil to methanol of 1:30. The pressure in the autoclave was resulted from the vapor pressure methanol at the working conditions. The time when the reaction temperature was achieved was taken as zero reaction time. Reaction samples were withdrawn periodically, without stopping of the reaction, and after filtration and separation of the residual methanol using a rotational evaporator, the samples were analyzed by gas chromatography (Varian 3400; FID detector, a fused silica capillary column 5 m×0.53 mm, film thickness 0.5 μm and an on-column injector). Quantitative analysis of FAME was realized using correction factors for FAME, tri-, di-and monoglycerides and glycerol. The calculated correction factors were used for calculating the mass percentage of FAME. The catalyst sample AG2 was used to study the influence of different working conditions (temperature, ratio of methanol to oil) on the synthesis of FAME.
The leaching of potassium from the catalyst was tested by contacting catalyst AG2 with methanol for 2 h at 120 °C, and then the methanol solution after filtering to remove solids was used in the reaction with vegetable oil. 
Catalyst characterization
X-Ray diffraction analysis was conducted to investigate the structure and crystallinity of the catalysts. The XRD patterns of the aerogels presented no sharp diffraction peaks. A similar effect was observed and recently reported in literature. 9 This fact indicated that the synthesized catalysts were amorphous, regardless of the preparation procedure. The XRD pattern for aerogel AG2 is presented in Fig. 1 . The measured BET surface area, the volumes of the mesopores and micropores, the overall pore volume, D max , the pore diameter where the maximum of the derivative cumulative volume curve is reached, and D, the average pore diameter, are given in Table II , and the pore size distribution in Fig. 2 . The results of the BET analyses indicated that the synthesized catalysts were mesoporous, while the D max values were similar around 3.8 nm and the D values were between 3.8 and 4.9 nm. The aerogel AG2 had a value of D max very similar to that of D, which means that the sizes of all pores were equally distributed around D max . A very slight shift of the pore sizes to larger pore diameters was observed for the other 3 catalysts. When calcination of the prepared catalysts was realized at higher temperature (AG1 and AG3), a slightly larger surface area and pore volume was observed than for aerogels AG2 and AG4. The BET analysis 794 LUKIĆ et al. indicated that the different SCD conditions had only a moderate influence on the porous structure of the prepared aerogels. As can be seen from Fig. 2 and Table II, the major part of the catalyst volume was occupied by pores with an average diameter of 3.8-4.9 nm, which is common for samples of aerogels. According to Fernandez et al., 34 the critical diameter of the triglyceride molecule, defined as the diameter of the smallest cylinder through which the molecule can pass without distortion, is around 2 nm; Lopez Granados et al. 19 reported that methyl oleate has a diameter around 2.5 nm, and the diameter of triglycerides is certainly at least two times larger. A number of studies showed that restricted diffusion, which transpires when the dimensions of the reactant molecule and the pore are comparable, occurs in silica--alumina catalysts with pore diameters less than 5 nm. 35 . For a narrow pore catalyst (mean pore diameter ≈ 4 nm), a 50 % decrease in catalytic activity relative to the activity of a catalyst with medium (d ≈ 6 nm) and wide pore (d ≈ 8 nm) size could be expected. 36 The problem of the access of the voluminous triglycerides molecules to the active sites within the pores of a catalyst were calculated for a xerogel catalyst taking into account the mean pore size diameter (3.8 nm) and the dimensions of the triglycerides molecule and the results indicated that internal diffusion resistance obviously exists. 9 Taking into account that space occupation by triglyceride could be represented by 5 nm in diameter, 19 which is larger than the pore diameter, molecules of triglycerides obviously cannot easily diffuse through the pores of the major part of the catalyst and that efficient contact between reactant and active site is mainly possible only on the external surface of the catalyst.
FTIR Spectra of the catalyst samples are shown in Fig. 3 . The characteristic bands are: a band at about 1000 cm -1 , attributed to the Si-O stretching vibration; a band at around 460 cm -1 , attributed to Si-O bending; 37, 38 bands in the range 500-700 cm -1 , attributed to octahedral Al-O, and 700-900 cm -1 , attributed to tetrahedral Al-O. 39 The shift of the absorption band of Si-O stretching from 1000 cm -1 to lower wavenumbers indicates the presence of Al-O-Si bonds in the investigated samples and the intensity of the shifting indicates the level of mixing of Al and Si in the alumina/silica network. 38 The band at about 3430 cm -1 is associated with stretching vibrations due to OH groups of water molecules adsorbed onto the surface of the catalyst but, according to Xie and Li 7 , this band could be partly assigned to the stretching vibrations of Al-O-K groups. Another band associated with the presence of water is located at 1635 cm -1 . 40 Supported K 2 CO 3 and bulk K 2 CO 3 give slightly different absorption bands. 41 Bands at 1541 and 1385 cm -1 were observed for all catalyst samples and are attributed to carbonate species, 41, 42 whereby the band at 1385 cm -1 indicates the presence of bulk K 2 CO 3 , 41 the part of the catalyst which is the main reason for its activity. 9 Influence of various parameters on the yield of FAME Yield of FAME achieved in the methanolysis reaction is shown in Fig. 4 . As can be seen, all the prepared aerogel catalysts with K 2 CO 3 as the active component showed very good catalytic activity, with yields of FAME over 90 % after 15 min in the batch process for all catalysts except for AG1, which expressed a slightly lower activity. All four aerogels had very similar textural and structural characteristics and the only difference observed for AG1 which could be the explanation for the lower activity is its smaller fraction of mesopores in the total pore volume. The influence of the reaction temperature on the yield of FAME in the methanolysis performed using catalyst AG2 is shown in Fig. 5 . The rate of the methanolysis reaction of the vegetable oil was strongly influenced by the reaction temperature and the yield of FAME increased with increasing temperature. At the lower temperature (80 °C), several hours were necessary to achieve the desired high yield of FAME. However, in the batch process at 120 °C, approximately 92 % conversion of the triglycerides giving the desired yield of FAME could be achieved after 15 min of methanolysis. The molar ratio of methanol to vegetable oil is also a very important parameter which affects the conversion of triglycerides to methyl esters. The influence of the molar ratio was examined in the methanolysis of sunflower oil with aerogel AG2 at 120 °C using 2 wt. % of catalyst based on oil and the obtained results are shown in Fig. 6 . Fig. 6 . Influence of the methanol to oil molar ratio on the yield of FAME at 120 °C and with 2 wt. % of catalyst sample AG2 (based on oil).
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Stoichiometrically, the methanolysis of vegetable oil requires three moles of methanol for each mole of oil. However, in practice a higher molar ratio is employed in order to shift the reaction equilibrium towards the products side and produce more methyl esters. As shown in Fig. 6 , the syntheses realized with larger methanol to oil ratios (15:1 and 30:1) were followed by higher rates of the methanolysis reaction and, thus, the desired high conversions of the triglycerides were observed in shorter times. According to the results of this study, it can be concluded that a molar ratio of methanol to oil of 15:1 was sufficient for a good yield of FAME to be achieved in a relatively short reaction time.
The obtained results were compared to the catalytic activity of a K 2 CO 3 /Al--O-Si xerogel (2 wt. % based on oil) 9 used for the methanolysis of sunflower oil at 120 °C with a methanol to oil molar ratio of 15:1. The comparison indicated that the applied drying process gave a catalyst with similar activity.
A kinetic model for the reaction between methanol and triglycerides was determined assuming that a first order irreversible reaction could be used for the prediction the yield of FAME. Simultaneously, solution of the energy and mole balances were realized for a batch, non-isothermal process using Polymath software and the results of the calculation together with the experimentally determined FAME content in the reaction mixture are presented in Fig. 7 . The model was described in detail and the parameters defined by Glišić et al. 43 As can be seen, this model fits well the experimental data for the performed methanolysis of triglycerides using the studied aerogel catalyst. 
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An additional experiment was performed to check whether leaching of the active phase from aerogel catalyst occurred. The activated catalyst was placed in contact with methanol for 2 h at 120 °C, filtered to remove the solids and then the vegetable oil was placed in contact with the clear methanol solution. The yield of FAME was 43.9 %, after 2 h at 120 °C, indicating that leaching of some amount of active phase had occurred.
The amount of leached potassium carbonate in methanol was measured and the results are shown in Table III . The potassium content at higher temperature is quite high, as expected -210 mg/l when 120 °C was reached and 390 mg/l after 2 h at 120 °C, confirming that at this temperature the aerogel used in the reaction of triglyceride methanolysis showed activity which could be mainly contributed to the effect of homogeneous-heterogeneous catalyst. However, at temperatures below 100 °C, the leaching of potassium species was negligible with only 7 mg/l. This fact is very important because a high yield could be also achieved at 80 °C but after a longer time of reaction (Fig. 5) . Finally, according to these investigations, it can be concluded that at lower temperatures, 100 °C or below, the prepared aerogel catalyst acted as a heterogeneous one. 
CONCLUSIONS
The experiments performed in this study showed that the synthesized aerogel catalysts with potassium carbonate as the active component on an alumina/silica support are very active in the methanolysis of sunflower oil. It was also shown that leaching of some amount of potassium species to the methanol phase during FAME synthesis occurred when the reaction was performed at 120 °C, but when the temperature was below 100 °C, the leaching was negligible and, thus, the catalyst acts as a heterogeneous one under such conditions. The analysis of different working conditions indicated that the temperature of the reaction and methanol:oil molar ratio mainly affected the reaction rate of methanolysis. Although at 120 °C with a methanol:oil molar ratio of 15:1 a yield of over 92 % was achieved after 15 min, the performed investigation of the catalytic activity of K 2 CO 3 /(alumina-silica support) showed that at lower temperatures, a heterogeneously catalyzed methanolysis of triglycerides was possible and that similar conversion of the triglycerides could be achieved but after a longer reaction time.
